We report the petrography, mineralogy, trace element abundance geochemistry, and Pb-Pb geochronology of the lunar meteorite Northwest Africa (NWA) 4734 and make a comparison with the LaPaz Icefield (LAP) 02205/02224 low-Ti lunar basaltic meteorites. NWA 4734 is an unbrecciated low-Ti mare basalt composed mainly of subophitic-textured pyroxene (60 vol%) and plagioclase (30%). Pyroxene, plagioclase, and olivine exhibit large compositional variations and intra-grain chemical zoning. Pyroxene and plagioclase in NWA 4734 have rare earth element (REE) concentrations and patterns similar to those of the LAPs. The crystallization age of NWA 4734, determined in situ in baddeleyite, is 3073 ± 15 Ma (2r), nearly identical to that of the LAPs (3039 ± 12 Ma). NWA 4734 and the LAPs have similar textures, modal abundances, mineral chemistry, and crystallization ages, and are most likely source-crater paired on the Moon.
INTRODUCTION
Lunar meteorites are rocks ejected from the Moon during impact events and represent random samples from the lunar surface (Korotev, 2005) . In contrast, lunar rocks and soils collected by the Apollo and Luna missions are from restricted regions on the lunar near side, within and around the Procellarum KREEP (potassium, rare-earth element, phosphor-rich) Terrane (PKT) (Jolliff et al., 2000) , or from equatorial latitudes on the eastern limb. Lunar meteorites thus provide information complementary to the Apollo and Luna samples on the nature of the Moon and its evolution history. To date, the total number of unpaired lunar meteorites is 73, of which a large proportion represents feldspathic, mafic or mingled breccias and only 10 are mare basalts (http://meteorites.wustl.edu/lunar/moon_ meteorites_list_alumina.htm).
The lunar surface is composed of $83% highland rocks and $17% mare basalt (Head, 1976) , which is generally consistent with the proportion of lunar meteorites (Korotev, 2005) . Unlike highland rocks that were probably originally produced by initial lunar differentiation and make up over 99% of the lunar crustal volume (Head, 1976) , mare basalts were produced by igneous processes from sources deep in the mantle. Pristine highland rocks formed early, over a period from 4.45 to $3.9 Ga , and mare basalts have generally younger formation ages from 4.3 to 2.9 Ga (Nyquist and Shih, 1992; Anand et al., 2006) . Studies of mare basaltic meteorites have provided new insights into the geochemistry of the lunar magma ocean, the timing and duration of basaltic magmatism, and the evolution of the Moon (e.g., Borg et al., 2004; Terada et al., 2007) . It is noteworthy that the mare basalt meteorites recovered to date are all of "low-Ti" or "very-low-Ti" types in the compositional classification system for Apollo and Luna basalts , i.e. the "high-Ti" mare basalts, which were collected in two (Apollo 11 and 17) of the four Apollo landings to the lunar mare, are absent.
Northwest Africa (NWA) 4734 is an unbrecciated mare basalt found in Morocco in 2001 (Connolly et al., 2007) . It was found almost entirely covered by fusion crust, and its original weight was 1372 g. NWA 4734 is the largest single mare basaltic meteorite, although the LaPaz Icefield (LAP) lunar basaltic meteorites (hereafter referred to as the LaPaz lunar meteorites), consisting of six individual fragments (LAP 02205/02224/02226/02436/03632/04841), sum up to $1.9 kg (Hill et al., 2009) . Preliminary studies show that NWA 4734 and the LaPaz lunar meteorites share many chemical and petrologic characteristics and are potentially paired (Connolly et al., 2007; Chennaoui and Jambon, 2008; Fernandes et al., 2009a) . Petrology, mineralogy, geochemistry and geochronology of the LaPaz lunar meteorites have been extensively studied (e.g., Righter et al., 2005; Zeigler et al., 2005; Anand et al., 2006; Day et al., 2006a; Joy et al., 2006; Rankenburg et al., 2007; Fernandes et al., 2009b; Hill et al., 2009; Zhang et al., 2010) . They are an important representative of young ($3.0 Ga), evolved, incompatible element-enriched lunar lavas, unlike any samples available in the Apollo or Luna collections (Anand et al., 2006; Day et al., 2006a; Joy et al., 2006) . On the other hand, studies on NWA 4734 are rather limited. There are only a few conference abstracts available for its petrology, mineralogy, and geochemistry (Chennaoui and Jambon, 2008; Fernandes et al., 2009a; Jambon and Devidal, 2009; Korotev et al., 2009 ). The reported crystallization ages for NWA 4734 vary from 2720 ± 40 (Fernandes et al., 2009a) to 3190 ± 190 Ma (2r) (Jambon and Devidal, 2009) , the latter being marginally compatible with that of the LaPaz lunar meteorites (Nyquist et al., 2005; Anand et al., 2006; Rankenburg et al., 2007; Fernandes et al., 2009b) . To get a deeper understanding of the petrogenesis of NWA 4734 and its implications for lunar magmatism, and to place refined constraints on the genetic relationship between NWA 4734 and the LaPaz lunar meteorites, we have carried out detailed petrological, mineralogical, and geochemical studies on NWA 4734, and made in situ Pb-Pb dating of baddeleyite and zirconolite from NWA 4734 and LAP 02205/02224. Our results indicate that NWA 4734 is a relatively young ($3.1 Ga) and evolved mare basalt that is most likely source-crater paired with the LaPaz lunar meteorites.
ANALYTICAL METHODS
Three polished sections of NWA 4734 (PMO-0133a, -0133b, -0201) and three thin sections of the LaPaz lunar meteorites (LAP 02224,36, 02224,28, and 02205,7) were studied in this work.
Petrography and mineralogy
Back-scattered electron (BSE) images and X-ray elemental maps of NWA 4734 were acquired using a Hitachi S-3400N scanning electron microscope equipped with an Oxford INCA 7021 energy dispersive spectroscope (EDS), housed at Purple Mountain Observatory. Modal abundances were estimated from BSE images and elemental maps by pixel-counting with a commercial software, assuming that area fractions were equal to volume percentages. The uncertainty of modes came mostly from the determining of phase boundaries, which are estimated to be within 10%.
Major and minor element compositions of minerals, glasses and shock-melt veins were determined with JEOL JXA-8100M electron microprobe (EMP) at China University of Geosciences, Wuhan. The accelerating voltage was 20 keV for metal and sulfides, and 15 keV for other phases. A defocused beam (5-10 lm) of 10 nA was used for feldspar and glass, and a focused beam of 20 nA was used for other minerals. Counting times were 20 s for most elements and 40 s for Y and Hf, and 50 s for Zr. Natural mineral and synthetic glass standards were used, and ZAF corrections were applied. Cathodoluminescence (CL) images of baddeleyite were collected with a Gatan Mono CL3+ detector attached to the EMP.
The Raman spectra of baddeleyite were measured in situ with a micro-Raman spectrometer (RM-2000) at Nanjing University. Working conditions were as follows: excitation laser wavelength of 514 nm (Ar + laser), laser energy of 5 mW, and spectral slit of 25 lm. A 50Â objective was used on a Leica DM/LM microscope. The lateral spot size of the laser beam was $1 lm. Silicon (520 cm À1 Raman shift) was used as a standard.
Trace-element abundance geochemistry
The rare earth element (REE) and other trace element abundances were measured in situ on mineral grains of pyroxene, plagioclase, merrillite, and shock-melt glasses with the Cameca 7f-Geo ion microprobe at Caltech, using procedures described by Hsu et al. (2004) . An O À primary ion beam of 1-4 nA was accelerated to À12.5 keV. Secondary ions, offset from a nominal +10 keV accelerating voltage by À80 eV, were collected in peak-jumping mode with an electron multiplier (EM). Silicon and calcium were used as reference elements for silicates and phosphate, respectively. Concentrations of reference elements were derived from EMP measurements. Natural mineral and synthetic glass standards were used to determine the sensitivity factors. The analytical errors reported were based on counting statistics only.
SIMS Pb-Pb dating
Lead-lead dating was conducted on Zr-rich minerals, zirconolite and baddeleyite, using the Cameca IMS-1280 secondary ion mass spectrometer (SIMS) at the Institute of Geology and Geophysics in Beijing. An O 2 À primary ion beam of $200 pA was accelerated to À13 keV. The Gaussian illumination mode was used to obtain a small beam size of $5 lm (Liu et al., 2011 ($150 s) , and integration of secondary ions (6 s Â 100 cycles, totally 600 s). The mass resolution power was fixed at 8000 (defined at 50% peak height). An oxygen flooding technique was used to increase the yield of secondary Pb + ions, and accordingly to improve the precision of the 207 Pb/ 206 Pb measurement . The nuclear magnetic resonance (NMR) controller was used to stabilize the magnetic field to an instrumental drift (DM/M) within 2.5 ppm over 16 h. Phalaborwa baddeleyite was analyzed to calibrate the relative yield of the EMs.
Correction of common Pb was made by monitoring 204 Pb. Because common lead has multiple sources (e.g., initial Pb, sample contamination), it is difficult to know the exact concentration of common Pb. Li et al. (2009) Pb = 15.6, Stacey and Kramers, 1975) , to reduce the data and got essentially the same results; the calculated ages differ by mostly less than 5 Ma, with a maximum of 14 Ma. Therefore, the calculated 207 Pb/ 206 Pb ages are insensitive to significant variations of common Pb compositions. We adopt the common Pb compositions of 206 Pb/ 204 Pb = 14 and 207 Pb/ 206 Pb = 0.97, which are means of the two extremes, and report the corrected data in Table A2 . Analytical errors reported include both external precision of standard analyses and internal precision of unknown samples. The reproducibility of the Pb-Pb age of the Phalaborwa baddeleyite was within 0.9% (1r).
RESULTS

Petrography
NWA 4734 is a medium-to coarse-grained (tens of lm to 2 mm), subophitic-textured mare basalt (Fig. 1) . It is predominantly composed of pyroxene (58.0 vol%) and plagioclase (30.6%), with minor olivine (3.8%), ilmenite (2.2%), silica (1.5%), chromite and ulvö spinel (0.7%) ( Table 1) . The relative standard deviation (RSD) of mineral modes varies from 4% for pyroxene, to 11% for plagioclase, and to 30-100% for minor and accessory phases. The modal abundances of pyroxene, plagioclase, olivine, and ilmenite in NWA 4734 are in good agreement with those of the LaPaz lunar meteorites within the uncertainties.
Pyroxene in NWA 4734 displays irregular intragranular fractures (Fig. 1) . Plagioclase was partly converted to maskelynite, which is smooth and has outwards offshoots and radiating cracks into neighboring pyroxene (Fig. 1) . The mesostasis, accounting for $2% of the mode, is composed of fayalite, ilmenite, silica, apatite, merrillite, Si-rich and K-rich glass, and accessory baddeleyite, zirconolite, tranquillityite, FeNi metal and sulfide. Some mesostasis areas show a "swiss cheese" pattern that is composed of symplectic intergrowths of fayalite and Si,K-rich glass (Fig. 2a) . Shock-induced metamorphism is pervasive in NWA 4734. Shock-melt pockets are composed of numerous Fe-sulfide nodules and mineral fragments dispersed in glasses (Fig. 2b) . Two shock-induced melt veins traverse the PMO-0201 section, with widths ranging from $700 lm to less than 10 lm (Fig. 2c) . On the edge of a shock-melt vein, the remnant of a partially melted ilmenite grain exhibits dense cracks (Fig. 2d) . Zr-rich minerals (sub-lm to 20 lm) are commonly associated with phosphate, troilite, fayalite, and K,Si-rich glasses in mesostasis (Fig. 2e ), but also occur as isolated crystals in pyroxene.
Mineral chemistry
Pyroxene in NWA 4734 exhibits large chemical variations (Fs 21-66 Wo 10-42 En 5-57 ) (Fig. 3) , from pigeonite to augite, and to nearly end member hedenbergite ( Day et al., 2006a) .
Pyroxene in NWA 4734 shows a positive correlation between Ti# (molar Ti/[Ti + Cr]) and Fe# (Fig. 4a) , similar to the fractional crystallization trend in basaltic/basalt-bearing lunar rocks (Taylor and Misra, 1975; Nielsen and Drake, 1978) and meteorites (Arai et al., 1996; Anand et al., 2003; Day et al., 2006b; Joy et al., 2006) . The correlation reflects that Cr is more compatible than Ti in the early crystallizing pyroxene (Zeigler et al., 2005) . Pyroxenes in NWA 4734 have similar Ti# ranges to those in the LaPaz lunar meteorites. The Al to Ti ratio in pyroxenes varies systematically with their Mg# (molar Mg/[Fe + Mg]) (Fig. 4b) .
Trace-element compositions of pyroxenes in NWA 4734 are presented in Table 3 and Fig. 5a . Augite displays an HREE-enriched CI-normalized REE pattern with a pronounced negative Eu anomaly. The Fe-rich rim (En 12 Wo 36 ) has higher REE abundances than the Mg-rich core (En 37 Wo 29 ), and the (La/Lu) CI value varies from 0.27 in the core to 0.15 in the rim. Pyroxenes in the LaPaz lunar meteorites have similar REE patterns, but with a wider range of REE abundances (Fig. 5a ) and (La/Lu) CI ratios (0.05-0.78; Anand et al., 2006; Day et al., 2006a; Joy et al., 2006) .
Plagioclase occurs as subhedral tabular to blocky crystals with varying compositions of An 79-92 Ab [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Or 0-3 , similar to that in the LaPaz lunar meteorites (79) (80) (81) (82) (83) (84) (85) (86) (87) (88) (89) (90) (91) (92) (93) Ab [10] [11] [12] [13] [14] [15] Or 0-5 ; Zeigler et al., 2005; Day et al., 2006a) . Inclusions of pyroxene, olivine, and ulvö spinel are observed in plagioclase. Plagioclase grains are commonly zoned from a Ca-rich core to a Na,K-rich rim ( Table 2 ). The core also contains less FeO (typically 0.5 wt%) and more MgO (0.3%) than the rim (1.0% FeO and <0.1% MgO). Any igneous zoning has been degraded in maskelynite, consistent with the observation of Chen and El Goresy (2000) . REE Pyroxene 58.0 ± 2.5 a 53.8 ± 3.6 58.7 ± 1.0 56.2 51.9 ± 1.7 48.9 ± 2.5 54.6 ± 1.3 Plagioclase/maskelynite 30.6 ± 3.4 33.3 ± 1.8 32.1 ± 0.4 31.9 36.9 ± 3.1 32.7 ± 1.3 33.4 ± 1.2 Olivine 3.8 ± 2.2 3.3 ± 0.9 3.2 ± 0.1 1.5 b 4.5 ± 0.9 3.0 ± 0.6 3.3 ± 1.0 Ilmenite 2.2 ± 1.1 3.5 ± 0.4 2.9 ± 0.3 3.3 3.9 ± 1.1 3.8 ± 0.2 3.4 ± 0.2 Silica/Si-rich glass 1.5 ± 0.7 concentrations of plagioclase in NWA 4734 fall into the range of those in the LaPaz lunar meteorites (Fig. 5b ). Plagioclase exhibits a LREE-enriched ([La/Lu] CI : 11-12) pattern with a large positive Eu anomaly. The overall REE abundance increases with decreasing An content of plagioclase.
Olivine occurs sparsely as phenocrysts (average Fa 50 , $500 lm) or small inclusions (average Fa 57 , <100 lm) in pyroxene and plagioclase. Phenocrysts exhibit strong chemical zonation, with Fa varing from 38 in the core to 52 in the rim (Table 2 ). Olivine inclusions in pyroxene and plagioclase are mostly homogeneous with Fa varying from 48 to 72. Olivine grains enclosed by ulvö spinel and ilmenite as well as dispersed in mesostases are fayalitic ). Olivine (84) (85) (86) (87) (88) (89) (90) (91) (92) (93) (94) (95) (96) (97) (98) ) in NWA 4734 has compositions largely overlapping with that in the LaPaz lunar meteorites (Fa 31-100 ; Day et al., 2006a) . In NWA 4734, we did not find multiphase melt inclusions as observed in forsterite grains of the LaPaz lunar meteorites (Righter et al., 2005; Joy et al., 2006) .
Ilmenite, the most abundant opaque phase in NWA 4734, occurs as lath-shaped (up to 500 lm in length) and anhedral grains in the mesostasis. Multiphase melt inclusions of pyroxene, Si-rich glass, and Ca-phosphate appear in ilmenite grains. Compositions of ilmenite are nearly pure FeTiO 3 with minor MgO (0.4%), MnO (0.3%), Cr 2 O 3 (0.2%), and ZrO 2 (0.2%), although some grains closely associated with forsteritic olivine have MgO contents up to 1.8% (Table 4) . A fragmented ilmenite grain in a (Day et al., 2006a) . Pyroxenes in NWA 4734 and the LaPaz lunar meteorites show similar compositional trends, only with the exception that the latter extends closer to the Fe-rich apex.
shock-melt vein has significant amounts of SiO 2 , CaO, Al 2 O 3 , and MgO (Table 4) , probably due to the numerous cracks filled by shock-induced melt (Fig. 2d) .
Spinel is the second most abundant oxide phase. It occurs as equant inclusions in pyroxene, olivine and plagioclase or in the mesostasis associated with ilmenite and other accessory minerals (e.g., silica, troilite, and baddeleyite). Compositions of spinel in NWA 4734 follow a narrow fractionation trend from Al-chromite to Cr-ulvö spinel, and to nearly end member ulvö spinel (Fig. 6a) , identical to the trend in the LaPaz lunar meteorites, Apollo 12 and 15 mare basalts (Taylor et al., 1971; El Goresy, 1976; Day et al., 2006a; Joy et al., 2006) . The compositional gap between Ti-chromite and Cr-ulvö spinel was commonly interpreted as a result of possible peritectic reaction, which caused the resorption of Ti-chromite when the cooling is moderately slow (Arai et al., 1996) . Spinel phases in the mesostasis are mostly Cr-ulvö spinel and end member ulvö spinel, whereas those included in pyroxene, olivine and plagioclase are Cr-ulvö spinel and chromite species. Some grains display chemical zonation from Al-chromite or Ti-chromite cores to sharply defined Cr-ulvö spinel rims (Table 4) . Ti# (molar Ti/[Ti + Cr + Al]) of spinel increases and Cr# (molar Cr/ [Cr + Al]) decreases with increasing Fe# (Fig. 6b and c) , which suggests that chromite crystallized at an earlier stage and ulvö spinel at a later stage during crystallization.
Silica occurs as subhedral to anhedral grains in the mesostasis, commonly coexisting with fayalite, ilmenite, and Fe-sulfide. It often contains minor amounts of Al 2 O 3 (0.7%), FeO (0.4%), CaO (0.2%), and TiO 2 (0.2%).
K-feldspar has compositions of Or 82-93 Ab 5-13 An 2-6 with considerable amounts of BaO (7.7-14.6%) and minor FeO (0.4-1.5%) and MgO (0.02-0.05%) ( Table 4) . Glasses in the symplectite with fayalite are mostly K-rich with low contents of BaO (0.5%), but the glasses included in troilite have relatively high contents of BaO (3.3-11.3%) ( Table 4) . (Anand et al., 2006) . High-Mg pyroxenes were crystallizing when Al/Ti ratios varying from 4:1 to 3:1. At Mg# of $59, plagioclase appeared on the liquidus, leading to the drop of Al/Ti ratios. At Mg# of $46, ilmenite began to crystallize, and the ratio remained constant at $1.5 until all phases were crystallized. (Zeigler et al., 2005; Anand et al., 2006; Day et al., 2006a; Joy et al., 2006; Rankenburg et al., 2007) (Fig. 5c) . The REE concentrations of merrillite in the LaPaz lunar meteorites obtained by Anand et al. (2006) are $40% lower than those in NWA 4734. This was possibly due to partial mixing of adjacent less-REE-enriched apatite to merrillite during SIMS analysis (Anand et al., 2006) . The REE contents of merrillite in the LaPaz lunar meteorites reported by Zeigler et al. (2005) are similar to those in NWA 4734.
Fe, Ni-metal occurs sparsely in the mesostasis and has 0.8-12.7% of Ni and 0.5-2.5% of Co, respectively. In contrast, Fe, Ni-metals in the LaPaz lunar meteorites have higher contents of Ni and Co (up to 37.5% and 6.3%, respectively; Day et al., 2006a) . Fe-sulfides are mostly troilite (Fe 0.99 S) with 0.15% Co and 0.03% Ni (Table 4) . Mackinawite (FeS 0.88 ) occurs as nodules in shock-melt veins and pockets. The deficiency of S and minor contents of Si, Ca, and Ti in mackinawite (Table 4) are probably due to the shock effects. Pyrrhotite (Fe 0.89 S) is also sparsely present as a eutectic intergrowth with ilmenite.
Composition of shock-melt veins
Two shock-melt veins in NWA 4734 were analyzed at 27 scattered locations with an EMP and yielded an average composition of 45 ± 0.8 (1r) wt% SiO 2 , 17 ± 1.0% FeO, 16 ± 1.5% Al 2 O 3 , 13 ± 0.4% CaO, 4.3 ± 0.9% MgO, and 2.7 ± 0.6% TiO 2 (Table A1 ). The average REE abundances exhibit a slightly LREE-enriched ([La/Lu] CI : 1.6) pattern with a pronounced negative Eu anomaly (Fig. 5d) . Compositions of shock-melt veins are highly heterogeneous, with RSDs of 2-9% for major elements, 10-42% for minor, and 33% up to 130% for the REEs. Furthermore, (Table A1 ). The average REE contents are higher in NWA 4734 than in the LaPaz lunar meteorites, but largely overlapped within variations (Fig. 5d) .
Pb-Pb ages
Twenty-two Pb isotopic analyses were made in one zirconolite and five baddeleyite grains in NWA 4734. Five baddeleyite grains in LAP 02205 and 02224 were also analyzed for comparison. The results are given in Table A2 and Fig. 7 . 207 Pb/ 206 Pb ages of Zr-rich minerals in NWA 4734 are almost identical within analytical errors, yielding a weighted mean of 3073 ± 15 Ma (2r). Four baddeleyite grains in the LaPaz lunar meteorites yield an essentially identical Pb-Pb age, with a mean of 3039 ± 12 Ma (2r). But one baddeleyite in LAP 02224 displays systematically older and spatially variable ages, from 3349 ± 62 to 3611 ± 62 Ma (2r). This is similar to another baddeleyite grain in LAP 02224, which exhibits a Pb-Pb age variation from 3109 ± 29 to 3547 ± 21 Ma (2r) (Zhang et al., 2010) .
Age-dating results of NWA 4734 and the LaPaz lunar meteorites are summarized in Table 6 for comparison. The SIMS Pb-Pb age of NWA 4734 is consistent with the age of monazite by EMP dating (Jambon and Devidal, 2009 ) but with a better precision. The Ar-Ar age of NWA 4734 ($2.7 Ga, Fernandes et al., 2009a ) is $10% younger than its Pb-Pb age, which was probably resulted from the susceptibility of Ar-Ar age to shock events. Similarly, the Ar-Ar age of LAP 02205 determined from an impact melt glass-bearing sample (2874 ± 56 Ma) is also distinctly younger than that from the bulk sample (2985 ± 16 Ma; Fernandes et al., 2009b) . The Pb-Pb age of LAP 02205/02224 (3039 ± 12 Ma) obtained in this work is almost identical to ages previously obtained by Pb-Pb (3005 ± 17 Ma; Zhang et al., 2010) The lunar origin of NWA 4734 is evident on the basis of its mineral chemistry, petrography, and geochronology. Fe and Mn contents of pyroxene and olivine in NWA 4734 plot along the lunar trends (Fig. A1) , as defined by Papike (1998) . The correlations of atomic Fe/Mn of pyroxene (66 ± 9, 1r, n = 145) and olivine (98 ± 9, 1r, n = 74) versus An contents (87 ± 3, 1r, n = 99) of plagioclase also point to a lunar origin (Papike et al., 2003) . In addition, NWA 4734 contains FeNi metals, troilite, and anhydrous minerals virtually free of Fe 3+ . It has an ancient age ($3.1 Ga) relative to terrestrial basalts. These are all characteristics of lunar mare basalts.
Source crater pairing of NWA 4734 and the LaPaz lunar meteorites
Comparing a new mare basalt with other known basaltic samples can help us find the relationship of their source craters and understand the petrogenetic history of meteorites in a geological context of lunar magmatic evolution. In this work, similarities between NWA 4734 and the LaPaz lunar meteorites have been found in their petrography, mineral- ogy, trace element geochemistry, and crystallization ages, which provide strong evidence for the source crater pairing of NWA 4734 and the LaPaz lunar meteorites.
NWA 4734 and the LaPaz lunar meteorites have similar textures (Fig. 1) . Modal abundances of NWA 4734 are essentially identical to those of the LaPaz lunar meteorites (Table 1) . The large mode RSDs for minor phases are mainly due to their heterogeneous distribution. Mesostases in both meteorites have a "swiss cheese" pattern composed of symplectic intergrowths of fayalite and Si,K-rich glass, which is characteristic of highly fractionated lunar basalts. NWA 4734 had been altered by shock events, causing the fragmentation of pyroxene, partial maskelynization of plagioclase, and localized melting. Similar shock-induced metamorphic effects were observed in the LaPaz lunar meteorites (Righter et al., 2005; Zeigler et al., 2005; Day et al., 2006a; Joy et al., 2006) .
Mineral compositions of NWA 4734 and the LaPaz lunar meteorites are essentially identical. The compositions of pyroxene are highly variable in both meteorites, covering similar ranges in the pyroxene quadrilateral (Fig. 3) . Pyroxenes in NWA 4734 have similar Ti# and Fe# as in the LaPaz lunar meteorites (Fig. 4a) . Although pyroxferroite was not found in NWA 4734 in this work, it was previously reported by Connolly et al. (2007) . Olivines in both meteorites retain strong Fe-Mg zonations and cover similar compositional ranges, Fa 38-99 in NWA 4734 versus Fa 31-100 in the LaPaz lunar meteorites (Day et al., 2006a) . Olivine in NWA 4734 does not contain melt inclusions as observed in the LAP olivine (Zeigler et al., 2005) , but melt inclusions with similar components of pyroxene, silicate glass, and Ca-phosphate were found in ilmenite of NWA 4734. The compositional ranges of plagioclase in NWA 4734 (79) (80) (81) (82) (83) (84) (85) (86) (87) (88) (89) (90) (91) (92) ) and the LaPaz lunar meteorites (79) (80) (81) (82) (83) (84) (85) (86) (87) (88) (89) (90) (91) (92) (93) ) are nearly the same. The oxide minerals in both samples also have similar compositions. Pyroxene, plagioclase, and merrillite in NWA 4734 and the LaPaz lunar meteorites have comparable REE concentrations and patterns (Fig. 5) .
The crystallization ages of NWA 4734 and the LaPaz lunar meteorites are almost identical within analytical errors. The 207 Pb/ 206 Pb age of NWA 4734 (3073 ± 15 Ma) is consistent with the age of LAP 02224/02205 obtained in this study (3039 ± 12 Ma) and previously reported data in the literature ($3.0 Ga) (Table 6) .
Shock-induced veins in NWA 4734 and the LaPaz lunar meteorites have similar major-and minor-element compositions (Table A1 ). The veins in both meteorites have essentially identical REE concentrations, with LREE-enriched pattern and a pronounced negative Eu anomaly (Fig. 5d) . The Eu concentration of the veins in NWA 4734 is slightly higher, probably due to the fact that plagioclase is susceptible to shock-induced melting and has a large positive Eu anomaly. A large proportion of plagioclase melted in the shock veins could lead to a high Eu concentration. Compositions of shock-induced veins could deviate more or less from those of the bulk rock (Day et al., 2006a) . However, the chemical compositions of melt veins in both meteorites may suggest that they have similar bulk compositions and experienced similar shock events. On the basis of their petrographic, mineralogical, and geochronological characteristics, NWA 4734 and the LaPaz lunar meteorites were most likely derived from the same source crater on the Moon. Because the bulk composition of NWA 4734 is currently not available, we use that of the LaPaz lunar meteorites as an estimate for discussions below.
Pb-Pb age of LAP 02224/02205: implications for assimilation processes during lunar magmatism
In our SIMS Pb-Pb dating work on LAP 02224/02205, twenty analyses on four baddeleyite grains yielded a consistent age of 3039 ± 12 Ma, but six analyses on one baddeleyite yielded distinctly older and variable ages from 3349 ± 62 to 3611 ± 62 Ma. Zhang et al. (2010) also reported a baddeleyite grain in LAP 02224 which had much older ages than the whole-rock, varying from 3109 ± 29 to 3547 ± 21 Ma. They argued that the oldest age could be the minimum crystallization age of the meteorite, and that the younger ages resulted from subsequent thermal disturbances.
Primary pyroxene, plagioclase, and olivine in the LaPaz lunar meteorites are strongly zoned (Righter et al., 2005; Zeigler et al., 2005) , indicating that the meteorites had not experienced a large-scale thermal metamorphism. If the younger ages are due to thermal disturbances, the most plausible scenario is shock metamorphism, during which high temperature and pressure metamorphism was confined within a limited region. However, according to Niihara et al. (2009) and Herd et al. (2010) , baddeleyite is highly resistant to shock metamorphism. Baddeleyite in the NWA 3171 martian meteorite keeps its monoclinic structure under shock pressures around 30-35 GPa (Herd et al., 2010) . The Pb-Pb ages of experimentally shocked baddeleyites are not affected by shocks up to 47 GPa. Although the LaPaz lunar meteorites experienced significant shock pressures between 30 and 50 GPa (Righter et al., 2005) , baddeleyite would be essentially intact in terms of its U-Pb isotope system and crystal structure. Niihara et al. (2009) studied the CL image and Raman spectrum of experimentally shocked baddeleyite. They found that the CL images become brighter with increasing shock pressures, and the Raman peaks shift to higher wavenumbers by 2 and 4 cm À1 at pressures of 34 and 47 GPa, respectively. In LAP 02224, the $3.0 Ga baddeleyite is uniformly dark in CL image (Fig. 8d) , but the CL image of the older grain with varying ages from 3.1 to 3.5 Ga is bimodal, being bright in the area with older measured ages and dark in the area with younger ages ( Fig. 8b ; Zhang et al., 2010) . If the younger ($3.0 Ga) baddeleyite was affected by shock, its CL image could be brighter than the older (3.1-3.5 Ga) one. Raman spectra of these baddeleyites have characteristic bands at 176, 335, 474, 618, and 640 cm À1 (Fig. 9) , and no apparent band shift is observed between the older and younger baddeleyites. We also measured four baddeleyite grains with EMP, three with age of 3.0 Ga and one with older ages from 3.1 to 3.5 Ga. All of them are stoichiometric in composition (Table 5) . If the $3.0 Ga baddeleyites were chronologically reset by severe shock, one would expect them to have compositions that deviate from stoichiometry, as observed for the maskelynite quenched at high pressures (Chen and El Goresy, 2000) . Based on the CL and Raman spectral and stoichiometric observations, the upper limit of shock pressures that imposed on the baddeleyite in LAP 02224 should be less than 34 GPa (Niihara et al., 2009; Herd et al., 2010) . Shock effects on the LaPaz lunar meteorites could not have disturbed the Pb-Pb age of baddeleyite.
The younger Pb-Pb ages of the LaPaz lunar meteorites ($3.0 Ga) are consistent with not only the U-Pb age (2929 ± 150 Ma; Anand et al., 2006) determined in situ from single crystals, but also those determined from the whole rock by Ar-Ar (2985 ± 16 Ma; Fernandes et al., 2009b) , Rb-Sr (3020 ± 30 Ma; Nyquist et al., 2005; 2990 ± 36 Ma; Rankenburg et al., 2007) and Sm-Nd (2992 ± 170 Ma; Rankenburg et al., 2007) methods. It would be highly unlikely that different dating techniques yield almost identical ages if the system was severely disturbed. Therefore, we suggest that the 3.0 Ga age represents Fig. 9 . (e-h) BSE image and elemental maps of the same grain shown in (a) and (b). Circles in (e) correspond to the four EMPA analyses from Bdl-1, I to IV in Table 5. the crystallization age of the LaPaz lunar meteorites and NWA 4734, and not a secondary metamorphic age due to shock effects.
There has been some controversy regarding whether the REE enrichment of the LaPaz lunar meteorites was inherited from its source region or resulted from assimilation and fractional crystallization. The Rb-Sr and Sm-Nd isotopic characteristics of the LaPaz lunar meteorites suggest that the parental melt assimilated a small amount of KREEP-rich material during fractional crystallization (Righter et al., 2005; Rankenburg et al., 2007) . Thermodynamic calculations show that forsteritic olivine in the LaPaz lunar meteorites could not crystallize anywhere in the fractionation sequence but would be a xenocrystic phase (Righter et al., 2005; Anand et al., 2006; Joy et al., 2006) . However, due to the variations in pyroxene REE abundances, Day et al. (2006a) proposed that the REE enrichment of the LaPaz lunar meteorites could be a source signature if some KREEPy components were unevenly distributed in the lunar mantle or crust. Meanwhile, the calculated Mg# (57-61) of olivine, in equilibrium with the bulk rock, is close to the observed Mg# (65) of the olivine core (Righter et al., 2005) . If we consider the variation of the bulk composition (Mg# from 31 to 38), and use Kd of 0.32 (Righter et al., 2005; Zeigler et al., 2005; Anand et al., 2006; Day et al., 2006a; Joy et al., 2006) , the calculated Mg# of olivine would be 66, roughly consistent with the observed value. Therefore, the forsteritic olivine could be phenocrystic, formed from fractional or equilibrium crystallization.
The strongest evidence for assimilation processes during lunar magmatism comes from the baddeleyite grains with older ages (3.1-3.6 Ga), found in this work and Zhang et al. (2010) . If the LaPaz lunar meteorites crystallized at $3.0 Ga, baddeleyites with older ages could not be an endogenous phase crystallized from the same parental magma, but rather a xenocrystic phase that was incorporated into the melt. The baddeleyite grain was highly heterogeneous in minor compositions. The older area has lower contents of TiO 2 (1.0 versus 3.8%) and Y 2 O 3 (0.15 versus 0.31%), and higher contents of FeO (2.2 versus 1.5%) than the younger area ( Fig. 8 and Table 5 ). This indicates that the old baddeleyite could have formed from different chemical settings, supporting its xenocrystic origin.
Petrogenesis of NWA 4734
In NWA 4734, pyroxene and olivine have compositions extending to extremely Fe-rich end members with Fe# up to 92 and 98, respectively. Minerals and shock-melt veins in NWA 4734 have elevated REE concentrations (Fig. 5 ) similar to those of the LaPaz lunar meteorites, which have the highest whole-rock REE contents among low-Ti mare basalts (Anand et al., 2006) . NWA 4734 has $2 vol% of late-stage mesostasis consisting mainly of symplectic intergrowths of fayalite and Si,K-rich glass. This meteorite was apparently derived from an evolved basaltic magma.
The crystallization sequence in NWA 4734 can be inferred from its petrography and mineral chemistry. Euhedral Al-chromite and Cr-ulvö spinel grains are included in pyroxene, olivine, and plagioclase. They were the first phases crystallized from the magma. Olivine is partly enclosed by pyroxene and has forsteritic cores of Fo $62 . Using Kds of 0.32 and 0.35 (Delano, 1980; Snyder and Carmichael, 1992; Righter et al., 2005) , the calculated Fo of olivine in equilibrium with the bulk rock (mean Mg# of 36 ± 2.2; Zeigler et al., 2005; Anand et al., 2006; Day et al., 2006a; Joy et al., 2006 ) is 62-64. Olivine is probably phenocrystic, crystallized before or simultaneously with pyroxene. Compositions of pyroxene in NWA 4734 exhibit a good correlation between Al/Ti and Mg# (Fig. 4b) . According to Anand et al. (2006) and Joy et al. (2006) , the correlation indicates elemental partitioning and crystallization sequence in the melt. When the Al/Ti value varies from 4:1 to 3:1 (Fig. 4b) , Mg-rich pyroxene crystallizes. When the Al/Ti value becomes 3:1, plagioclase appears on the liquidus (at Mg# 59; Fig. 4b ), consuming Al in the melt and decreasing the ratio gradually. When the ratio reaches around 1.5, ilmenite begins to crystallize (at Mg# 46), reducing the Ti content of the melt and keeping the ratio steady until the end of crystallization.
Assuming no REE redistribution in chemically zoned silicates after crystallization, we estimate the REE compositions of the parent magmas that were in equilibrium with the cores of augite and plagioclase in NWA 4734, using the REE partition coefficients compiled by McKay et al. (1986) and Snyder et al. (1995) . As shown in Fig. 10 , the melt equilibrated with plagioclase has lower REE contents than that of pyroxene, which is contradict to the fact that plagioclase had formed after pyroxene. According to McKay et al. (1986) , when the wollastonite content in pyroxene varies from 5 mol % to 40%, the REE partition . Spectra 1-5 were collected on the baddeleyite with older ages, and spectra 6-7 were on younger baddeleyites. Spot locations are partly shown in Fig. 8 . As indicated by the dotted lines, there is no apparent band shift between the older and younger baddeleyites. The spectra 1-2 have higher intensity and sharper peaks than the spectra 4-5.
coefficients (Ds) increase by an average factor of 25, and variations of Ds for LREEs are much larger than for HREEs (e.g., D La by a factor of 70 and D Lu by 4). It follows that a small degree of REE redistribution in pyroxene will result in higher REE contents of the calculated melt and an artificially LREE-enriched pattern. The REE pattern of the melt calculated from pyroxene is highly LREE-enriched ([La/Lu] CI = 4.6) and has more REEs than the bulk rock, suggesting that pyroxene in NWA 4734 had partially re-equilibrated after formation. On the other hand, the Ds for plagioclase are relatively insensitive to chemical variations during fractional crystallization (Drake and Weill, 1975; Phinney and Morrison, 1990) . Even if plagioclase was partly re-equilibrated, the calculated melt will have higher REE abundances but with a pattern parallel to that of the original parent melt (Hsu and Crozaz, 1996) . The calculated REEs from plagioclase would represent upper limits of the parental melt. The bulk REE contents inferred from the analysis of the LAPs are at least 60% higher than those of the calculated parental melt from plagioclase (Fig. 10) . The parental magma might not evolve in a closed system, but had probably assimilated some REErich materials. This is consistent with the observation of xenocrystic baddeleyites (3.1-3.6 Ga) in LAP 02224.
The key questions regarding assimilation are when, where, and how much of the REE-rich components were added to the magma. It has been suggested for the LaPaz lunar meteorites that the assimilation could have occurred prior to the onset of pyroxene crystallization because the REE systematics of pyroxenes are consistent with fractionation in a closed system (Anand et al., 2006; Day et al., 2006a) . However, microdistributions of REEs in NWA 4734 indicate that the assimilation occurred probably at a later stage, after the onset of plagioclase formation. Xenocrystic baddeleyite grains found exclusively in the mesostasis of the LaPaz lunar meteorites are also consistent with a latestage assimilation. The assimilation probably occurred during magma ascent through the lunar crust. If the REE-rich material and xenocrystic baddeleyite were assimilated during the lava emplacement on the lunar surface, one would expect to see other clasts or xenocrysts of lunar soil incorporated into the rock, which were not observed. Therefore the most probably scenario is that the parental magma of NWA 4734 and the LaPaz lunar meteorites preferentially assimilated low melting-point components, such as KREEP-rich clasts, during its ascent through the lunar crust, and plagioclase microcrystals had begun to form during the ascent process. The REE compositions of bulk NWA 4734 (Anand et al., 2006; Day et al., 2006a; Joy et al., 2006) can be approximately modeled by mixing of 4 wt% Sayh al Uhaymir (SaU) 169 (i.e., KREEP-rich material; Gnos et al., 2004) to the original magma calculated from plagioclase, which has similar REE compositions to the average Apollo 12 olivine basalt (Fig. 10 ). An independent research suggested that the parental magma of the LaPaz lunar meteorites would have mixed 1-2 wt% of SaU 169 to the Apollo 12 low-Ti olivine basalt (Rankenburg et al., 2007) .
NWA 4734 and the LaPaz lunar meteorites have relatively young ages and highly enriched incompatible elements, which distinguish them from any low-Ti basaltic sample in the Apollo and Luna collections. By comparing the ages and chemical compositions of the meteorite with those of the craters on the lunar surface, Fernandes et al. (2009b) suggested that the possible source region for LAP 02205 was in the northwest of Oceanus Procellarum, in proximity to P29 and P21 (Hiesinger et al., 2003) . Since NWA 4734 and the LaPaz lunar meteorites are probably formed by assimilating a small amount of KREEP-rich material into the original magma with similar REE compositions to the Apollo 12 olivine basalt, we suggest that they could be derived from the PKT region on the near side of the Moon.
CONCLUSIONS
Detailed studies of petrography, mineralogy, trace element geochemistry, and isotopic chronology on NWA 4734 show that it is a low-Ti lunar basalt with elevated REE contents and a relatively young age (3073 ± 15 Ma). NWA 4734 has high affinities to the LaPaz lunar meteorites in texture, mineral chemistry, and crystallization age, which indicate that these meteorites may originate from the same basaltic lava flow, possibly located near the PKT on the near side of the Moon.
Two baddeleyite grains in LAP 02224, found in this work and Zhang et al. (2010) , are distinctly older (3.1-3.6 Ga) than others ($3.0 Ga). The younger baddeleyites have uniformly dark CL image, good stoichiometry, and unaffected Raman spectra, suggesting that shock pressures imposed on the younger baddeleyites were less than 34 GPa (Niihara et al., 2009; Herd et al., 2010) , and did not seriously modify its crystallization age (3039 ± 12 Ma). The older baddeleyite grains may have an exogenic origin. Fig. 10 . Calculated parent melt REE compositions for the primitive pyroxene and plagioclase of NWA 4734, using the partition coefficients compiled by McKay et al. (1986) and Snyder et al. (1995) . HREEs after Gd were not included in the calculation for plagioclase because of low REE contents and large analytical uncertainties. Average bulk REE compositions of the LaPaz lunar meteorites (filled square) (Anand et al., 2006; Day et al., 2006a; Joy et al., 2006) were used as an estimate of NWA 4734. The thick gray line, representing the mixture of the melt calculated from plagioclase and 4 wt% bulk SaU 169 (Gnos et al., 2004) , basically matches the bulk REEs. The REE concentrations of Apollo 12 olivine basalt were from Papike et al. (1998) and Neal (2001) .
Evidence for assimilation also exists in NWA 4734. The calculated melt in equilibrium with plagioclase has lower REE contents than its whole rock. It follows that a small amount (4 wt%) of KREEP-rich material (e.g., bulk SaU 169 meteorite; Gnos et al., 2004) was assimilated by the primitive melt, which had similar REE concentrations to the Apollo 12 olivine basalt, probably after the onset of plagioclase crystallization.
